Introduction
============

One of the most obvious distinguishing features of mammalian cerebral cortex is its laminar structure. While the size and sub-divisions of the cortical lamina vary across different areas and species, mammalian cortex contains six main layers. Neurons within these layers often differ in both their cellular morphology, i.e. the shape and distribution of their axonal and dendritic arborizations, and their physiological properties. The deepest cortical layer, layer 6, is located in a strategic position within the local cortical architecture because it receives afferent input and provides output to other brain regions. Interestingly, layer 6 also contains the richest diversity of morphological cell types. However, neurophysiological studies have paid little attention to layer 6 compared to its more superficial counterparts, possibly because it is more difficult to access (e.g. given the depth limitations of *in vivo* imaging techniques). Another reason layer 6 remains elusive is it has proven difficult to define functionally, a probable outcome of its heterogeneity.

While the population of neuronal cell types within layer 6 is quite heterogeneous, neurons can be grouped into broad categories based on the laminar distributions of their local dendrites and axons. One class of excitatory pyramidal neurons project local dendrites and axons to layer 4, the primary termination zone for thalamocortical afferents to sensory cortex. Through these arborizations, this class of layer 6 neuron is positioned to receive inputs from and provide outputs to neurons in layer 4, establishing the foundation for a reciprocal connectivity loop between these two layers. A second class of excitatory pyramidal neurons project local dendrites and axons to layer 5, a major source of cortical output, thus allowing for reciprocal connectivity between neurons in layers 5 and 6. A third, more heterogeneous group includes excitatory layer 6 neurons with local projections largely restricted to layer 6. This group includes non-pyramidal neurons with spiny stellate-like morphology, non-vertically oriented pyramidal neurons, bipolar/fusiform neurons, and other odd-shaped cells. While these unusual neurons represent a minority of layer 6 neurons, their general presence is conserved across mammalian species and cortical areas. A final group of layer 6 neurons includes a variety of morphologically and physiologically distinct inhibitory cells. Inhibitory neurons within layer 6 are interneurons with local arborizations generally restricted to layer 6, suggesting that these neurons mainly inhibit their neighbors.

Anatomical and physiological evidence suggests that neurons of these various classes participate in distinct cortical circuits mediating the flow of information into, within, and out of the home cortical area. By comparing examinations of layer 6 neurons in a variety of species and cortical areas using a variety of different technical approaches, this review is intended to provide some insight into the common organizational features of cortical layer 6. Included within the sections below are descriptions of the known anatomy, physiology, and circuitry of each distinct cell class within layer 6 with some emphasis placed on excitatory pyramidal neurons in primary sensory cortical areas since more is known about these populations. Throughout, similarities and differences across cortical areas and species will be highlighted, while maintaining an underlying current of common organizational principles.

Anatomy
=======

The most striking characteristic unique to cortical layer 6 is its large diversity of neuronal cell types. In contrast to the other cortical lamina, which contain pyramidal neurons and, in some cases, spiny stellate neurons that vary subtly in somal size and arborization pattern, layer 6 contains multiple distinct classes of pyramidal neurons defined by their apical dendritic arborization patterns, a broad category of oddly shaped excitatory neurons, and a variety of inhibitory neurons (see for example Lund et al., [@B63], [@B61]; Tombol, [@B85]; Ferrer et al., [@B32],[@B33]; Prieto and Winer, [@B70]; Thomson and Bannister, [@B84]; Callaway, [@B20]; Douglas and Martin, [@B30]; Andjelic et al., [@B3]).

The most characterized neurons in layer 6 are short and tall pyramidal neurons, which make up the majority of excitatory cells in layer 6 (Ferrer et al., [@B32],[@B33]; Lund, [@B61]; Prieto and Winer, [@B70]). Short pyramidal neurons target layer 4 with their axonal and dendritic arbors and rarely send apical dendrites higher than the bottom of layer 3 (Gilbert and Wiesel, [@B39]; Lund et al., [@B63]; Ferrer et al., [@B32],[@B33]; Katz, [@B51]; Lund, [@B62]; Usrey and Fitzpatrick, [@B87]; Wiser and Callaway, [@B89]; Zhang and Deschenes, [@B94]; Hirsch et al., [@B47]; Prieto and Winer, [@B70]; Bannister et al., [@B4]; Brumberg et al., [@B18]; Douglas and Martin, [@B30]; Zarrinpar and Callaway, [@B93]). This projection pattern is established early in development (Callaway and Lieber, [@B22]). Tall and/or horizontally projecting pyramidal neurons often have apical dendrites extending up to layer 1, but usually restrict the majority of apical dendritic branches to layer 5. Often tall pyramidal neurons also display long laterally projecting axons that terminate in layers 6 or 5, giving rise to the name 'horizontal' or 'lateral' cells (Lund et al., [@B63]; Ferrer et al., [@B32],[@B33]; Katz, [@B51]; Lund, [@B61]; Usrey and Fitzpatrick, [@B87]; Wiser and Callaway, [@B89]; Zhang and Deschenes, [@B94]; Hirsch et al., [@B47]; Prieto and Winer, [@B70]; Bannister et al., [@B4]; Douglas and Martin, [@B30]; Zarrinpar and Callaway, [@B93]). Within these two pyramidal cell classes there are often a number of distinct variations (Lund, [@B61]; Wiser and Callaway, [@B89]; Zhang and Deschenes, [@B94]; Prieto and Winer, [@B70]; Brumberg et al., [@B18]; Zarrinpar and Callaway, [@B93]). In primate primary visual cortex, for example, there are at least 8 different types of pyramidal neuron (5 cell types display short pyramidal morphology and 3 cell types display tall pyramidal morphology), each defined by local dendritic and axonal arborization patterns targeting specific sub-lamina (Wiser and Callaway, [@B89]; Briggs and Callaway, [@B10]). For the purposes of this review, all layer 6 cell types that preferentially target layer 4 will be referred to as 'short' while those neuronal types with tall apical dendrites and/or horizontal projections targeting layer 5 will be referred to as 'tall' layer 6 pyramidal neurons.

Based on anatomical observations of short and tall pyramidal neurons in primary visual cortex (V1) of cat and primate, these cells are hypothesized to participate in reciprocal circuits with layer 4 and layer 5, respectively (Figure [1](#F1){ref-type="fig"}; see for review, Callaway, [@B20]; Douglas and Martin, [@B30]). Within the larger framework of a proposed canonical microcircuit for a cortical column, these reciprocal circuits are thought to play a lesser role in local information processing compared to the robust connections from layer 4 to layer 2/3 and between layers 2/3 and 5 (Douglas and Martin, [@B30]). Some connections to and from layer 6 do indeed appear to be weaker and/or sparser than other connections along the cortical hierarchy (Blasdel et al., [@B8]; Staiger et al., [@B79]; Briggs and Callaway, [@B10]; Thomson and Bannister, [@B84]; Binzegger et al., [@B6]; Callaway, [@B20]; Stepanyants et al., [@B80]; Llano and Sherman, [@B60]), however it is likely that this population may play an important role in regulating the flow of cortical information. Short and tall layer 6 neurons are located in a strategic position to sample inputs from and provide outputs to most local cortical layers, various sub-cortical structures, and other cortical areas. Therefore, while the influence of these layer 6 neurons may be subtle, it is far-reaching.

![**Simplified schematic of the circuitry of different neuronal types in layer 6 of primary sensory cortex**. Short and tall pyramidal neurons are illustrated in red and blue, respectively, other excitatory neurons are represented in green, and inhibitory neurons represented in black. Dendrites are thick and axons thin, dashed axons illustrate projections that are not present for all cells in the class. Dotted lines represent local circuit connections with line thickness approximating connection strength. Grey shading illustrates layers that receive direct afferent input from primary sensory thalamus.](fncir-04-003-g001){#F1}

In addition to the varieties of tall and short pyramidal neurons, layer 6 contains a diverse group of other glutamatergic neurons, most of which restrict their local arborizations to layer 6 (Figure [1](#F1){ref-type="fig"}). There are many pyramidal neurons in layer 6 with apical dendritic orientations other than vertical (toward the pial surface) including upside-down, horizontal, and bent-over neurons with sideways somata and apical dendrites that turn up to 90° to become vertical when approaching the pial surface (Tombol, [@B85]; Prieto and Winer, [@B70]; Joshi, [@B49]; Briggs et al., [@B12]). Non-vertically oriented pyramidal neurons are located in the deepest portion of layer 6 and often project dendrites into the white matter (Tombol, [@B85]; Prieto and Winer, [@B70]; Andjelic et al., [@B3]; Briggs et al., [@B12]). Physiological evidence suggests that these unusual pyramidal neurons are regular spiking, glutamatergic neurons (Andjelic et al., [@B3]), some of which make reciprocal connections to contralateral cortical areas (Karayannis et al., [@B50]).

Other non-pyramidal excitatory neurons in layer 6 include spiny stellate neurons located in the upper half of layer 6, some of which project axons to the thalamus (Tombol, [@B85]; Zhang and Deschenes, [@B94]; Prieto and Winer, [@B70]; Briggs et al., [@B12]). Spiny stellate neurons in layer 6 may display adaptive spiking properties (Andjelic et al., [@B3]). Differently shaped bipolar or fusiform neurons (vertical, horizontal, multi-polar) reside in different portions of layer 6: vertical fusiform neurons are located in the upper tier of layer 6 and can project dendrites as high as layer 4 while horizontal fusiform neurons are encountered only in the deepest part of layer 6 (Tombol, [@B85]; Prieto and Winer, [@B70]; Andjelic et al., [@B3]). Sub-populations of these glutamatergic fusiform neurons project to other cortical regions, ipsilateral and contralateral, and/or sub- cortical structures (Tombol, [@B85]; Zhang and Deschenes, [@B94]; Prieto and Winer, [@B70]; Karayannis et al., [@B50]; Andjelic et al., [@B3]). Aside from vertical fusiform neurons in the upper portion of layer 6, most fusiform neurons extend dendritic and axonal arborizations within layer 6 and/or into the white matter (Tombol, [@B85]; Prieto and Winer, [@B70]; Andjelic et al., [@B3]).

Layer 6 contains another unique type of excitatory pyramidal-like neuron, termed Meynert cells. These neurons have unusually large somata, prominent tall apical dendrites, and are located at the border between layers 5 and 6 in V1 (Chan-Palay et al., [@B24]; Fries and Distel, [@B36]; Lund, [@B61]). The local axons of Meynert cells extend up to many millimeters laterally and display small terminal clusters optimized for targeting specific cortical domains (Rockland and Knutson, [@B74]; Li et al., [@B59]). Axonal projections outside the home cortical area target the superior colliculus and other cortical areas (Fries et al., [@B37]; Lund, [@B61]). The unusual asymmetric shape of Meynert cells in V1 have inspired a number of interesting hypotheses for their role in visual processing, however the function of this distinct class of layer 6 neuron remains elusive.

Less is known quantitatively about the population of inhibitory neurons in layer 6, however evidence suggests that layer 6 contains a large diversity of inhibitory neurons (Tombol, [@B85]; Ferrer et al., [@B32],[@B33]; Lund et al., [@B62]; Prieto et al., [@B69]; Thomson and Bannister, [@B84]; Kumar and Ohana, [@B52]). Studies of the proportion of inhibitory neurons in layer 6 of different cortical areas in different species have estimated values between 10 and 20% (Prieto et al., [@B69]; Zhang and Deschenes, [@B94]). A number of distinct inhibitory cell types have been identified in layer 6. Basket and basket-like inhibitory neurons, sometimes called multi-polar neurons, are encountered most in the literature (see Lund et al., [@B62]; Prieto et al., [@B69]; Prieto and Winer, [@B70]; Thomson and Bannister, [@B84]). Basket neurons are located in the upper portion of layer 6 with dendrites descending throughout layer 6 and axons that can extend laterally below the layer 5/6 border and/or up into layer 4 (Lund et al., [@B62]; Prieto et al., [@B69]; Kumar and Ohana, [@B52]). Axon terminals of basket neurons often form clusters and target somata and proximal arborizations of pyramidal neurons and possibly Meynert cells (Lund, [@B61]; Lund et al., [@B62]; Thomson and Bannister, [@B84]). There are likely many different basket cell types, defined by morphological specializations, spiking dynamics, and neuro-chemical markers (see Thomson and Bannister, [@B84]; Kumar and Ohana, [@B52]). Other inhibitory neurons in layer 6 include chandelier cells, with similar arborization patterns and axonal targets to basket neurons (Lund et al., [@B62]; Thomson and Bannister, [@B84]); double-bouquet neurons with arborizations extending into layer 5 (Lund et al., [@B62]); and Martinotti cells, identified by axonal projections up to layer 1 (Prieto et al., [@B69]; Thomson and Bannister, [@B84]). Double- bouquet and Martinotti cells contact dendrites of spiny (excitatory) and/or smooth (inhibitory) target neurons (Prieto et al., [@B69]; Thomson and Bannister, [@B84]). Based on their morphological and physiological heterogeneity, different types of inhibitory neuron in layer 6 are likely to participate in specialized local circuits. While some inhibitory layer 6 neurons (e.g. basket and Martinotti cells) contact neurons outside of layer 6, most inhibitory neurons in layer 6 likely supply local inhibition to particular types of layer 6 excitatory neuron (Figure [1](#F1){ref-type="fig"}).

Outside connections
-------------------

Certain populations of layer 6 neurons receive input from structures outside the home cortical area in addition to their local cortical inputs. A sub-population of short pyramidal neurons sample thalamic afferent input arriving from primary sensory thalamic nuclei via their dendritic branches in layers 4 and 6, the termination zones for sensory thalamic afferents (Hendrickson et al., [@B46]; Martin and Whitteridge, [@B65]; Lund, [@B61]; Bannister et al., [@B4]; Briggs and Usrey, [@B14]; Da Costa and Martin, [@B27]). Evidence from cat and monkey V1 suggests that the proportion of layer 6 cells that receive suprathreshold input from the LGN may differ across species with cat V1 containing a higher proportion of thalamocortical-recipient layer 6 neurons compared to primate (Ferster and Lindstrom, [@B34]; Briggs and Usrey, [@B14]). The exact proportion and morphological identification of thalamocortical-recipient neurons in layer 6 of different species are not known. However a recent study in cat area 17 revealed low numbers of thalamocortical synaptic contacts mainly targeting the basal dendrites of corticothalamic neurons (Da Costa and Martin, [@B27]). Layer 6 is also a termination zone for input from the claustrum and from other cortical areas (LeVay and Sherk, [@B58]; Felleman and Van Essen, [@B31]; Casagrande and Kaas, [@B23]), however, again, the specific cell types and proportions of recipient neurons are not known. In rodent frontal cortex, odd-shaped excitatory neurons in layer 6 receive callosal input from contralateral cortices and, in some cases, send reciprocal projections to contralateral cortices (Karayannis et al., [@B50]).

In primary sensory cortical areas, neurons projecting back to primary sensory thalamic nuclei reside entirely within layer 6 (see for review Sherman and Guillery, [@B77]). Corticothalamic neurons targeting sensory thalamic nuclei send axon collaterals to the reticular nucleus, setting up a disynaptic inhibitory projection onto target thalamic neurons (Sherman and Guillery, [@B77]; Lam and Sherman, [@B54]). Other layer 6 neurons target different sub-cortical structures including higher-order thalamic nuclei such as the pulvinar nucleus, the superior colliculus, the claustrum, and/or other cortical regions (see for review, Ferrer et al., [@B32],[@B33]; Lund, [@B61]; Felleman and Van Essen, [@B31]; Casagrande and Kaas, [@B23]; Sherman and Guillery, [@B77]; Sincich and Horton, [@B78]). Interestingly, neuronal populations targeting different regions outside the home cortical area appear to be non-overlapping (see for example, LeVay and Sherk, [@B58]; Katz, [@B51]; Conley and Raczkowski, [@B26]; Usrey and Fitzpatrick, [@B87]). As a consequence, axonal projections outside of the home cortical area differ between short and tall pyramidal neurons. For example, in the most studied primary sensory cortical areas such as V1 (area 17) of cats and monkeys, and somatosensory or barrel cortex (S1) of rodents, corticothalamic neurons targeting primary sensory thalamic structures are short pyramids, while neurons projecting to other sub-cortical structures and/or cortical areas are tall pyramids (Gilbert and Kelly, [@B38]; LeVay and Sherk, [@B58]; Katz, [@B51]; Usrey and Fitzpatrick, [@B87]; Zhang and Deschenes, [@B94]; Kumar and Ohana, [@B52]; for similar findings in mouse V1 and cat and mouse primary auditory cortex, see Brumberg et al., [@B18], and Prieto and Winer, [@B70]; Llano and Sherman, [@B60]). Even within the sub-classes of pyramidal neurons targeting outside structures, there appears to be heterogeneity. For example, corticothalamic neurons targeting specific lamina or regions of primary thalamic nuclei reside in different sub-laminar zones within layer 6 (Conley and Raczkowski, [@B26]; Fitzpatrick et al., [@B35]; Usrey and Fitzpatrick, [@B87]; Zhang and Deschenes, [@B94]; Deschenes et al., [@B29]). Recent evidence also suggests that corticothalamic neurons in V1 consist of functionally distinct cell types based on physiological measurements of axon conduction velocity and receptive field properties (Briggs and Usrey, [@B13], [@B14], [@B16]). In the monkey visual system, three distinct physiological types of corticogeniculate neuron have been characterized, each with specific relationships to the feedforward magnocellular, parvocellular, and koniocellular processing streams (Briggs and Usrey, [@B16]). Ongoing work suggests that the corticogeniculate pathway consists of multiple anatomically distinct neuronal types, including short pyramidal neurons, as previously described, and a minority of odd-shaped glutamatergic cells (see Briggs et al., [@B12]).

Species specificity
-------------------

While maintaining a large diversity of neuronal cell types in layer 6 appears to be an evolutionary precedent, there is evidence in favor of some species-specific variations. There are a greater number of distinctly defined morphological cell types in primate layer 6 compared to other species (compare Wiser and Callaway, [@B89]; Briggs and Callaway, [@B10] to Katz, [@B51]; Zhang and Deschenes, [@B94]; Zarrinpar and Callaway, [@B93]; and see Lund et al., [@B63]; Ferrer et al., [@B33]; Callaway, [@B20]). For example, horizontally projecting neurons are more prominent in primate sensory cortices compared to other species (see Ferrer et al., [@B33]), possibly a consequence of the sophisticated organization of primate cortex into functionally discrete columnar modules (Malach et al., [@B64]). Corticothalamic neurons in primate sensory cortices constitute a smaller proportion of layer 6 neurons, however they are more morphologically heterogeneous compared to those of cat and rodent (compare Conley and Raczkowski, [@B26]; Fitzpatrick et al., [@B35]; Usrey and Fitzpatrick, [@B87]; Wiser and Callaway, [@B89] to Gilbert and Kelly, [@B38]; Katz, [@B51]; Zhang and Deschenes, [@B94]; Prieto and Winer, [@B70]; Kumar and Ohana, [@B52]). It is also likely that primates differ from other species in terms of the proportion of layer 6 neurons receiving primary sensory thalamic afferent input and/or the efficacy of such input (compare Bullier and Henry, [@B19]; Briggs and Usrey, [@B14] to Ferster and Lindstrom, [@B34]; Martin and Whitteridge, [@B65]; Da Costa and Martin, [@B27]). Thus while cat area 17, rodent S1, and primate V1 are all highly specialized cortical areas, primary sensory cortex of primates may contain additional specificity indicative of more advanced cognitive processing.

Circuitry/Physiology
====================

Morphological analyses of axonal and dendritic projections can inform predictions about the different types of inputs to and outputs from any given neuronal cell type. Such anatomical predictions provide a model framework, such as the canonical circuit, which generates hypotheses that can be tested using physiological methods. A number of experimental techniques have been utilized to probe cortical circuitry, each with inherent advantages and disadvantages. As these techniques are refined and combined with exciting advances in genetic, viral, and imaging technologies, further elucidation of the physiology and circuitry of identified neuronal cell types will soon be forthcoming (see for example Nikolenko et al., [@B67]; Callaway, [@B21]; Petreanu et al., [@B68]).

Receptive field physiology
--------------------------

Elucidating the physiological responses of cortical neurons to sensory stimuli necessitates recording from intact preparations. Such *in vivo* methodologies are less amenable to morphological identification of recorded neurons. However, many studies have succeeded in determining the laminar location of recorded single units providing a picture of the physiological properties of layer 6 neurons. Correlated with the morphological diversity observed in layer 6 is a diversity of physiological properties. In V1 of cats, rabbits and primates, layer 6 contains both simple and complex cells with broadly distributed visual response characteristics (Harvey, [@B43]; Gilbert and Wiesel, [@B39]; Tsumoto and Suda, [@B86]; Swadlow and Weyand, [@B82]; Hawken et al., [@B44], [@B45]; Anderson et al., [@B2]; Grieve and Sillito, [@B41]; Hirsch et al., [@B47]; Johnson et al., [@B48]; Ringach et al., [@B72]; Gur et al., [@B42]; Briggs and Usrey, [@B13], [@B14], [@B12]). Distinct physiological response profiles have also been described for layer 6 neurons in rodent S1 (Kwegyir-Afful and Simons, [@B53]). Studies that have directly correlated receptive field physiology with recorded neuronal morphology provide support for the notion that distinct morphological cell types in layer 6 express distinct physiological phenotypes (see for example, Gilbert and Wiesel, [@B39]; Martin and Whitteridge, [@B65]; Anderson et al., [@B2]; Hirsch et al., [@B47]; Bannister et al., [@B4]).

Circuitry 1: short pyramids connect with layer 4 and the thalamus
-----------------------------------------------------------------

A more accessible system for studying local cortical circuitry within smaller (\<500 microns), columnar domains or modules is the living tissue slice preparation. Obvious limitations of the slice preparation are the removal of inputs to and outputs from the isolated section, including longer-range lateral connections from neurons in the same cortical region (see Stepanyants et al., [@B81]). In living slices, whole-cell patch clamp recordings can be made from multiple individual neurons simultaneously (see for example, Brown and Hestrin, [@B17]; Lefort et al., [@B56]), enabling precise measurements of the strength and adaptation characteristics of connecting synapses. Alternatively, optical activation of presynaptic neurons can map a wider range of inputs onto simultaneously recorded postsynaptic cells. By combining insights gained from multiple whole-cell recordings and photostimulation studies of morphologically identified layer 6 neurons, it becomes clear that layer 6 neurons participate in a number of distinct circuits.

Functional inputs onto short pyramidal neurons in layer 6 arise primarily from layers 4 and 6 (Staiger et al., [@B79]; Briggs and Callaway, [@B10]; Zarrinpar and Callaway, [@B93]; Lefort et al., [@B56]), consistent with anatomical observations of axon/dendrite overlap within layers 4 and 6 (Lund, [@B62]; Yabuta and Callaway, [@B91]). The local axons of short pyramidal neurons primarily target layer 4, contacting both excitatory (stellate and/or pyramidal) and inhibitory cells (Blasdel et al., [@B8]; Lund, [@B61]; Binzegger et al., [@B7]; Lee and Sherman, [@B55]). While most of these projections are columnar, some extend outside the home cortical column in an indiscriminate manner with respect to ocular dominance columns (Blasdel et al., [@B8]; Wiser and Callaway, [@B90]; Binzegger et al., [@B7]). Short pyramidal axons utilize type I (excitatory) terminals to target dendritic regions of layer 4 neurons that are more distal compared to the target regions of thalamocortical afferents (Ahmed et al., [@B1]; Richardson et al., [@B71]). Furthermore, layer 6 cell synapses onto layer 4 neurons are quite numerous (Ahmed et al., [@B1]), utilize both ionotropic and metabotropic glutamate receptors (Lee and Sherman, [@B55]), and generate small EPSCs that are facilitating to paired-pulse stimulation (Tarczy-Hornoch et al., [@B83]). These axonal and synaptic properties are consistent with a modulatory role for layer 6 neurons in regulating layer 4 activity (Sherman and Guillery, [@B76]; Lee and Sherman, [@B55]).

In addition to participating in reciprocal circuits with layer 4 neurons, some short pyramidal neurons in layer 6 also participate in similar reciprocal circuits with primary sensory thalamic nuclei (see Briggs and Usrey, [@B14], [@B15]). Corticothalamic axons projecting to primary sensory thalamic nuclei also utilize type I axon terminals to target distal dendrites of thalamic relay cells in multiple thalamic layers (Robson, [@B73]; Claps and Casagrande, [@B25]). Because corticothalamic neurons do not appear to dramatically alter the physiological response properties (e.g. receptive field physiology) of individual thalamic neurons, the corticothalamic pathway is thought to be more modulatory in nature (see Briggs and Usrey, [@B15]). It is important to consider, however, that while the influence of layer 6 on neurons in layer 4 and the thalamus may be subtle, it is notable that the same population of layer 6 neurons have direct access to both the input source (thalamus) and the input termination zone (layer 4). With such access, short layer 6 neurons may control the flow of feedforward information to the cortex.

Circuitry 2: tall pyramids connect with layer 5
-----------------------------------------------

Across many species and modalities, the most prominent local functional input to layer 6 originates in layer 5, consistent with the canonical framework (Blasdel et al., [@B8]; Staiger et al., [@B79]; Briggs and Callaway, [@B10]; Binzegger et al., [@B6]; Douglas and Martin, [@B30]; Zarrinpar and Callaway, [@B93]; Weiler et al., [@B88]; Llano and Sherman, [@B60]). Layer 5 neurons receive robust local inputs from all cortical layers, including layer 6, possibly conveyed by axons of tall pyramidal neurons (Thomson and Bannister, [@B84]; Binzegger et al., [@B6]; Callaway, [@B20]; Briggs and Callaway, [@B11]; Weiler et al., [@B88]; Llano and Sherman, [@B60]). Evidence suggests that tall pyramids differ from short pyramidal neurons in spike width and adaptation, and synaptic EPSP amplitude, variance, and paired-pulse response (Bannister et al., [@B4]; Mercer et al., [@B66]; Bremaud et al., [@B9]; Kumar and Ohana, [@B52]). These results, in combination with anatomical evidence, suggest that the connection between layers 5 and 6 may be mediated predominantly by tall pyramidal neurons. Because layer 5 neurons can transmit output signals to subcortical and other cortical areas (Felleman and Van Essen, [@B31]; Casagrande and Kaas, [@B23]; Sherman and Guillery, [@B77]; Sincich and Horton, [@B78]), tall pyramidal neurons in layer 6 may exert some influence on these output signals leaving layer 5.

Circuitry 3: superficial layer input, connections within layer 6, and inhibitory circuits
-----------------------------------------------------------------------------------------

There may be some significant species-specific differences in the local circuitry of layer 6 neurons involving connections with the superficial layers. In primate V1, distinct cell types receive different patterns of input from the sub-divisions of the superficial layers (Briggs and Callaway, [@B10]). Interestingly, superficial layer input is seldom, if ever, observed in rodent cortices (Staiger et al., [@B79]; Zarrinpar and Callaway, [@B93]; Weiler et al., [@B88]; Lefort et al., [@B56]; Llano and Sherman, [@B60]). Additionally, some populations of layer 6 neurons in primate V1 project local axons to the superficial layers and physiological studies have identified weak inputs from layer 6 to superficial neurons (Usrey and Fitzpatrick, [@B87]; Sawatari and Callaway, [@B75]; Yabuta et al., [@B92]). In contrast, layer 6 provides little to no input to superficial neurons in rodent cortices (Dantzker and Callaway, [@B28]; Barbour and Callaway, [@B5]; Weiler et al., [@B88]; Lefort et al., [@B56]; Petreanu et al., [@B68]). How circuits connecting layer 6 with the superficial layers contribute to local processing in primates compared to other species remains a mystery.

In addition to inputs from layer 4 or layer 5, most layer 6 neurons also receive inputs from other layer 6 neurons (Staiger et al., [@B79]; Briggs and Callaway, [@B10]; Binzegger et al., [@B6]; Zarrinpar and Callaway, [@B93]; Llano and Sherman, [@B60]). Given the large heterogeneity in the population of excitatory and inhibitory neurons with arborizations restricted to layer 6, it is tempting to speculate that these populations mediate a number of within layer 6 circuits. Little is know about the local circuitry involving the more rare and unusual neuronal types within layer 6 so their role in cortical processing remains unclear. The potential for large connectivity among neighboring layer 6 neurons begs the question of whether there is crosstalk between the short and tall pyramidal cell populations. Limiting communication between these cell classes could be an optimal strategy for maintaining separation between the modulatory influence of layer 6 on thalamocortical communication (via short pyramidal neurons) and the driving influence on cortical outputs (via tall pyramidal neurons). To what extent these divergent circuits share information, or inhibit one another, remains an unresolved question.

The circuits involving inhibitory neurons in layer 6 have yet to be described in detail. Based on the anatomical observation that most inhibitory cell types within layer 6 restrict their arbors to layer 6 (Lund et al., [@B62]; Prieto et al., [@B69]), it is tempting to hypothesize that most layer 6 inhibitory neurons serve to inhibit their neighbors within the same layer. However, there is evidence to suggest that inhibitory neurons in layer 6 participate in local circuits involving other cortical lamina. Some basket cells in layer 6 display similar axonal projection patterns as short pyramidal neurons, targeting layer 4 preferentially (Lund et al., [@B62]; Prieto et al., [@B69]; Kumar and Ohana, [@B52]). These neurons could, therefore, participate in reciprocal connectivity with layer 4, analogous to short pyramidal neurons. In rodents, layer 6 pyramidal neurons do not receive excitatory input from layer 2/3 (see above); however both pyramidal and inhibitory layer 6 neurons do receive inhibitory input from the superficial layers (see Gonchar and Burkhalter, [@B40]; Zarrinpar and Callaway, [@B93]). Additionally, the action potential and synaptic kinetics of inhibitory neurons in layer 6 may vary in a cell type- specific manner and also differ from those of other cortical inhibitory neurons (Bremaud et al., [@B9]; Kumar and Ohana, [@B52]), suggestive of their participation in a variety of local circuits.

Summary
=======

Cortical layer 6 is composed of a morphologically heterogeneous population of neurons. Each unique cell type is likely to express a distinct physiological phenotype, a function of specialized local, subcortical, and/or intracortical inputs. A common organizational principle of layer 6 across mammalian species is the presence of two classes of pyramidal neuron, short and tall pyramids, which participate in specialized cortical circuits. Short pyramidal neurons are reciprocally connected to neurons in layer 4 and/or in primary sensory thalamic nuclei and the features of their connections suggest they modulate the activity of their target neurons (see LeVay, [@B57]; Sherman and Guillery, [@B76]; Callaway, [@B20]; Briggs and Usrey, [@B15]). While their influence may be subtle, short pyramidal neurons are undoubtedly a crucial component of sensory processing because they are positioned to influence the feedforward flow of sensory input to the cortex. Tall pyramidal neurons may also be involved in reciprocal circuitry within and outside their home cortical area through connections with cortical layer 5. In this manner, tall pyramids may serve to control the output flow of information from one cortical region to the next.

In addition to short and tall pyramidal neurons, layer 6 contains a large diversity of odd-shaped excitatory neurons and a variety of inhibitory cells. While most neurons within these populations are likely to be involved in local connectivity within layer 6, anatomical and physiological evidence suggests that each of these unique cell types likely play distinct roles in cortical information processing.

Taken together, the studies reviewed here all point to a pivotal role for layer 6 in controlling the flow of information into and out of cortical networks. Much work remains in order to understand the functional properties of each and every distinct cell type within layer 6; however new technologies hold great promise toward elucidating this complex cortical layer.
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